An electric propulsion device is described which utilizes surface contact ion generation followed by space-charge-neutralized, electrostatic ion acceleration in an annular, low-density, Hall 
INTRODUCTION
The acceleration of ions by means of an electric field maintained within a plasma in the presence of space-iharre-neutralizing electrons has been suggested ' ' as a technique suitable for use in electric propulsion engines. Electron diffusion in the direction of the electric field is inhibited by the presence of a transverse magnetic field having a strength such that the electron cyclotron radius is small while the ion cyclotron radius is large compared to characteristic accelerator dimensions. The existence of Hall potentials are avoided by utilizing an annular geometry, an axial electric field, and a radial magnetic field. In this configuration the resulting azimuthal Hall current interacts with the radial magnetic field to transmit thrust to the engine structure. The space-charge ion current limitation encountered in conventional ion engines is avoided allowing, in principle, operation at higher current densities, decreased accelerating voltages (corresponding to lower values of specific impulse) and increased efficiency in the intermediate specific impulse regime (2000-5000 sec).
The Hall accelerators discussed in Refs. 1, 2, and 3 employ electron impact for ion production in various types of gas discharges. The electrodes of one simple version of such a gas discharge Hall accelerator consists of an annular disc anode and a thermionic cathode.l'2 A second type utilizes (c.f., Ref.
3) an annular adaptation of a Penning discharge for ion propulsion. Both of these gas discharge versions of the low density Hall current accelerator possess a number of inherent disadvantages insofar as the application to electric propulsion is concerned. First, the background neutral gas density in the accelerating region necessary to maintain the gas discharge is sufficiently high to cause a large loss in neutral gas and hence a large reduction in propellant utilization efficiency. Second, the release of electrons in ionizing collisions at locations other than the immediate vicinity of the anode causes losses in energy due to the eventual impact of these electrons at the anode. This effect causes a further reduction in performance due to the resulting non-uniform ion exhaust velocity distribution. The use of the annular Penning ion source version is particularly susceptible to the first of these two loss processes in that very high neutral gas pressures are required to maintain the source discharge.
In the present investigation, performance analyses and preliminary experiments have been conducted on a Hall current accelerator which involves surface contact ionization of cesium as a means of ion production to circumvent the foregoing disadvantages of the gas discharge device. 
where n = ne ni.
Equations (1) Equation (3) indicates that the condition rc << JWb is essential for efficient performance.
In the surface contact version of this engine, operation is not dependent upon the production of ions between the anode (ionizer) and the cathode. The absence of ionizing collisions implies that Jez is constant and hence Eq. (4) can be solved for the axial potential distribution provided that both rc and n can be related to local conditions. It is possible to integrate Eq. (4) by making appropriate assumptions regarding neutral densities, electron temperatures, and electron-ion and electron-neutral collision cross-sections, and also by using the condition J. = nev.. This procedure would determine boti the axial potential distribution and a relationship of the form JezL = f(Va, Bra , i) (5) whereoC is the neutral fraction emanating from the ionizer and L is the accelerator length. Such a relationship could be used to establish the power loss due to electron backflow as a function of engine design and operating parameters. However, the major difficulty lies not in solving Eq. (4) but rather in specifying an effective collision frequency in the presence of gross plasma motions. It is anticipated that the predominant contributions to electron mobility may result from various ty-pes of plasma instabilities rather than from particle-particle interactions. Although such enhanced diffusion processes are quite common in collisionless, gyro-dominated plasmas, recourse must be made to experiment to assess their magnitude in a particular environment.
Since the product J L appears explicitly in Eq. (5) as a function of ehe operating variables for the case of low neutral density (smallaC), it is possible to reduce Jez by lengthening accelerator design. However, accelerator length cannot be increased indefinitely without encountering losses due to swirl of the ion beam when the accelerator length becomes comparable to the ion cyclotron radius. Design criteria for accelerator length will be discussed later in this paper where the effects of a particular type of plasma Listability on accelerator length will be discussed together with the limitations imposed by the ion cyclotron radius.
Departures from the simple two-dimensional model considered above can occur as a result of radial variations in magnetic and electric fields and of the presence of a small radial electric field component. These effects are discussed in some detail in Ref. 4 where it is shown that they are, in general, negligible. The possibility that the pole faces of the magnet core will short circuit the axial electric field is eliminated by enclosing the accelerating region in an electrical insulator as shown in Fig. 1 . Although electrons are unconfined in the radial direction, current to these walls will be determined by ion interception alone since the condition of local current neutrality must occur. To inhibit excess electrons from impinging on the walls, radial electric fields form in thin sheath regions adjacent to the walls. The thickness of these sheaths is of the order of a Debye length which is small compared to the annulus height and hence radial electric fields across the sheath will not effect ion trajectories appreciably. It is anticipated that the electric field within the accelerator region is essentially normal to the ionizer surface and that wall losses due to particle impingement can be avoided by designing an engine having an annulus height approximately equal to the accelerator length.
Surface Contact Ion Source
In the present surface contact version of the Hall current accelerator, the ionizer consists of a porous annular disc as shown in Fig. 3 . Cesium is introduced into an annular chamber and allowed to diffuse through the disc onto the surface. Temperatures of approximately 1400 K are required for appreciable ionization of the cesium flow. Thermal radiation from the ionizer surface constitutes the major parasitic loss in the surface contact Hall accelerator as is the case with conventional surface contact ion engines. Operation at high voltage (high specific impulse) and high current density can reduce the relative importance of this loss. In conventional engines, high voltages are employed to improve efficiency. However, to exploit fully the advantages of the surface contact Hall accelerator it will be necessary to operate at high ( > 100 ma/cm2) ion current densities.
In the emission of cesium ions from solid, high-work-function surfaces it has been shown5 that the saturation ion current density varies nearly exponentially with surface temperature. A survey of data on the emission of cesium ions from porous surfaces6 shows that this variation holds as well for porous ionizers. Accordingly, since radiated power increases as the fourth power of ionizer temperature it would be expected that efficiency as well as thrust density would improve with increasing ionizer temperature, once the space-charge current limitation encountered in conventional engines is removed. Theoretical values of thrust density computed from the emission current data of Ref. 5 are shown in Fig. 4 excess of about 1800 K is due to an increase in neutral efflux. For purposes of the proposed calculation it has been assumed that no ionization of neutrals would occur in the accelerating regicn This assumption is quite conservative when considering the transent time of neutrals and the high electron current densities present in the accelerator. To some extent, therefore, this offsets the optimistic assumption involved in the use of solid tungsten ion emission data. Both of these effects are somewhat difficult to estimate precisely at the present time due to the uncertainties in porous tungsten emission characteristics (Ref. 6) and to the lack of data on the ionization cross sections for cesium in the energy range of interest.
As has been mentioned previously the predominant loss in the accelerating process is due to the axial electron current Jez . Since energy transfer between electrons and cesium particles is small because of the disparity in particle mass, the resulting loss appears as electron bombardment heating of the ionizer surface at a power density, Jez Va* It is a decided advantage of the surface contact Hall accelerator that the power dissipated at the ionizer by this electron backflow can be used to reduce the ionizer heater input power requirements. In fact, at large values of Jez it should be possible to completely turn off the ionizer heater. The effect of electron backflow on an engine operating at Va = 800 volts is shown in Fig. 6 The effect of Va, B and T. on the critical length as determined by Eq. (7) is shown in Fig. 7 . Operation at a length greater than the critical value will, in general, benefit efficiency up to the point where the ion gyro-radius limit is reached. The limiting curves in Fig. 7 have been drawn for the condition that the accelerator length equals 0.1 times the average ion cyclotron radius.
From Fig. 7 , and the previous remarks concerning accelerator design and performance, it can be seen that the surface contact Hall current accelerator is inherently a large, high thrust, high power device compared to conventional ion engines. From the standpoint of efficiency it is desirable to select as large a length as practical, consistent with the ion cyclotron criterion depicted in Fig. 7 . Since these lengths are large and since, to avoid wall interception losses, it is desirable that the annulus height be comparable to the length of the accelerator, the ionizer surface area should increase approximately as the square of the accelerator length.
EXPERIMENTAL PROGRAM Apparatus
An experimental program to investigate the operation of a surface contact Hall current accelerator is presently in progress at the UAC Research Laboratories. An experimental accelerator and feed system resembling the configuration shown schematically in Fig. 3 has been designed Fig. 8 . The porous tungsten ionizer visible in Fig. 8 
CONCLUDING REMARKS
The performance analysis of the surface contact Hall current accelerator presented herein has shown that the concept is potentially attractive for use as an electric propulsion engine. These studies have indicated that the accelerator is increasingly efficient at high thrust densities and over-all power levels, and that efficient performance is achievable in the 2000 to 5000 sec specific impulse regime. Furthermore, a number of advantages exist insofar as operating lifetime and endurance are concerned Ionizer heater input power requirements are reduced markedly because of the manner in which the major accelerator power loss is dissipated. In addition, the only surfaces exposed to the ion beam are the insulating walls of the accelerator. These can be constructed, for example, of alumina which has excellent resistance to ion bombardment sputtering. Also, the precise contour of the insulating walls is not critical to proper operation of the accelerator, while ion energies incident on the walls are considerably lower than those encountered in conventional ion engines. Accordingly, the Hall current accelerator is quite tolerant to ionizer neutral efflux and charge exchange collisions; in fact, an appreciable portion of such neutrals may be ionized in the accelerating region.
Initial experiments conducted to date have established that certain conditions essential for proper accelerator operation can be achieved although the detailed behavior of the device has yet to be determined. A program is currently in progress to evaluate both the over-all performance and the conditions of the plasma in the accelerating region.
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